We have investigated the most essential kaonic nucleus "K − pp" as a resonant state of theKN N -πΣN -πΛN coupled channel system using a chiral SU(3)-basedKN potential. We treat the "K − pp" resonance adequately with a fully coupled-channel complex scaling method (full ccCSM). Selfconsistency needs to be considered for the energy dependence of the chiral SU(3)-based potential. In the present study, we propose a simple prescription for the treatment of self-consistency, considering the averaged threshold and averaged binding energy of mesons. With this prescription, we have successfully found the self-consistent solutions of the "K − pp" three-body resonance. The results indicate that the "K − pp" system is bound rather shallowly. In particular, when the potential parameters are constrained with the latestKN scattering length, the binding energy and half of the mesonic decay width are obtained as 14 − 50 MeV and 8 − 19 MeV, respectively.
Introduction. Finite nuclear systems with antikaons, called kaonic nuclei, have attracted interest from many researchers in the fields of strange nuclear physics and hadron physics. The interaction between antikaon (K) and nucleon (N ) is so attractive, especially in the isospinzero channel, that it forms a quasi-bound state corresponding to the excited hyperon Λ(1405) [1] . Previous studies based on a phenomenologicalKN potential, which induces a strongKN attraction, have shown a possibility that kaonic nuclei could have several exotic properties that have never been observed in ordinary nuclei [2, 3] . Particularly, the formation of a dense state is an important property. Kaonic nuclei might be a doorway to access the dense matter, although more careful investigation should be needed. Kaonic nuclei are expected to offer hints to understand the partial restoration of chiral symmetry, which has been pursued for a long time in hadron physics [4, 5] .
Among kaonic nuclei, the most essential three-body system, K − pp (a K − meson and two protons), has been eagerly investigated from both of theoretical and experimental sides. According to theoretical studies using various approaches on the three-body system, K − pp can be bound, and its binding energy should be less than 100 MeV [6] . However, the binding energy depends on the employedKN potential: K − pp is obtained as a shallowly bound state with a binding energy of approximately 20 MeV in the case of chiral SU(3)-based potentials (energydependent) [7] [8] [9] [10] , whereas it is more deeply bound with a binding energy larger than 50 MeV in the case of phenomenological potentials (energy-independent) [11] [12] [13] . Furthermore, many experiments have been conducted to search for the K − pp bound state. However, their results are scattered: in some experiments, a signal around the * dote@post.kek.jp πΣN threshold (103 MeV below theKN N threshold) was observed [14] [15] [16] , although there are some discussions on them [17] [18] [19] . In others, a signal close to thē KN N threshold [20] or no signal in the K − pp bound region was found [21] . Thus, a definitive conclusion on the K − pp bound state has not been achieved yet in theoretical or experimental studies. However, one experiment is noteworthy. Though the analysis is in progress, the J-PARC E15 group has reported that a signal has been clearly observed in the bound region with high statistics in the second run of their experiment of 3 He(in-flight K − , Λp) n missing [22] .
In our previous study of K − pp, a phenomenological potential [2] was employed because such an energyindependent potential is easy to handle [13] . In this article, we employ chiral SU(3)-basedKN (-πY ) potentials in order to follow the fundamental theory of strong interaction more closely. It is well known that antikaon and pion are Nambu-Goldstone bosons associated with the spontaneous breaking of the chiral symmetry of QCD at a vanishing quark mass. Pioneering works proposed a prescription to derive aKN (-πY ) potential from an effective chiral SU(3) Lagrangian [23, 24] . Subsequently, many studies have succeeded in explaining the nature of meson-baryon systems involving NG bosons, especially, theKN -πΣ system and Λ(1405) [1] .
As a method to treat K − pp, we employ a fully coupledchannel complex scaling method (full ccCSM), which was developed in our previous study [13] . All previous theoretical studies [6] have suggested that K − pp is a resonant state that exists between theKN N and πΣN thresholds, and that it is a coupled-channel system ofKN N , πΣN , and πΛN . Full ccCSM can deal with two aspects of resonance and coupled channels adequately since it is based on the complex scaling method, which is a powerful tool for the study of resonances of many-body systems [25] . Full ccCSM has another merit; we can reveal the struc-ture of K − pp because this method provides us with the explicit wave function of the K − pp resonance. We comment on the comparison of full ccCSM with Faddeev-Alt-Grassberger-Sandhas (Faddeev-AGS) and variational methods, which were often used in past studies. As mentioned above, the coupled-channel and resonance aspects are important in the study of K − pp. In Faddeev-AGS approach [8, 12] , both aspects are considered correctly, since all channels of the K − pp are treated explicitly and its resonance pole is searched for on the complex energy plane. However, only the separable-type potentials are applicable there. The wave function of the K − pp has not been shown in all past studies with this approach. On the other hand, in variational method [7, 9, 11] , the property of the K − pp has been investigated in detail, since its wave function can easily be obtained. In principle, various types of potentials can be used in this method. However, the K − pp is calculated as a bound state ofKN N with an effectiveKN potential in which πY channels are renormalized. Therefore, the coupledchannel aspect is partially considered and the resonance aspect is missed due to the bound state approximation. By the way, the present method, full ccCSM, involves both merits of two approaches, as described in the previous paragraph. However, in the full ccCSM the computational cost is obviously rather high, compared with variational approach, because of full treatment of all possible channels. Furthermore, when energy-dependent potentials are used as in the present study, self-consistency for the energy of a subsystem of the K − pp needs to be considered. To find a self-consistent solution, the calculation is repeated many times as explained in the section of methodology. In spite of high computational cost, full ccCSM is expected to be the most suitable method for the K − pp study, since it involves many advantages. This article is organized as follows: After the introduction, the methodology of the current study is explained. Next, the results and discussion are presented. At the end of this article, a summary of the current study and future prospects are described.
Methodology. In the present study, the K − pp system is considered as a three-body coupled-channel system ofKN N -πΣN -πΛN with quantum numbers of spinparity J π = 0 − , total isospin T = 1/2 and its projection T z = 1/2, similarly to earlier studies. Hereafter, such a three-body state is denoted symbolically as "K − pp" (K − pp with double quotes). In this article, "K − pp" is investigated with full ccCSM as mentioned above. The setup for the study of "K − pp" is the same as that of our previous study [13] , except for theKN (-πY ) potential (a potential for theKN system coupling with the πY system).
The "K − pp" wave function is represented as
Here, all possible channels ofKN N , πΣN , and πΛN are explicitly treated as indicated by labels (M B 1 B 2 ) (ch) , which appear in the second line of the above equation (isospin-flavor wave function). As a result of the antisymmetrization for baryons B 1 and B 2 , the "K − pp" wave function is composed of eight channels (ch = 1, . . . , 8), as listed in Table I of Ref. [13] . The spatial wave function F (ch) n (x 1 , x 2 ) is represented with the correlated Gaussian basis functions [26] in which three types of Jacobicoordinate sets {x 1 , x 2 } are taken into account. Spin of baryons in each channel (S B1B2(ch) ) is assumed to be zero by following all earlier studies [6] . The complex parameters {C (ch) n } are determined by the diagonalization of the complex-scaled Hamiltonian matrix as explained in a latter section.
For the "K − pp", which is a meson-baryon-baryon system, the non-relativistic HamiltonianĤ MB1B2 is composed of the mass termM , kinetic energy termT , nucleon-nucleon (N N ) potentialV N N , and meson-baryon
Here, the Argonne v18 realistic potential [27] is employed as an N N potential. As aKN (-πY ) potential that is a part ofV MB , a chiral SU(3)-based potential is employed. The details of this potential will be presented later. The πN and Y N potentials are ignored in our study since their contributions are considered marginal compared to those of the N N andKN (-πY ) potentials. It is noted that the mass term involves the masses of all particles:
represent the meson-and baryon-mass operators, respectively.
For the above-mentioned Hamiltonian, we calculate resonance poles of the "K − pp" by means of complex scaling method (CSM). In this paragraph, the essence of CSM is explained briefly. More detailed explanations are given in Refs. [25, 28] . In the CSM, all coordinates {x i } in HamiltonianĤ and wave functions Φ are transformed as x i → x i e iθ and their conjugate momenta {p i } are transformed as p i → p i e −iθ , where the angle θ is called the scaling angle. By using the above transformation of the complex scaling, resonance wave functions, which diverge originally in asymptotic region, are modified to damping functions with appropriate values of θ. Therefore, complex-scaled wave functions of resonant states (Φ θ R ) can be described with L 2 -integrable basis functions such as Gaussian functions, similarly to those of bound states. In addition, there is an important theorem in the CSM, which is called ABC theorem [29, 30] : For the complex-scaled HamiltonianĤ θ , eigen energies of resonant and bound states are independent of scaling angle θ, while the energies of continuum states (E c ) are transformed as E θ c = E c e −2iθ in CSM within non-relativistic kinematics. Namely, their energies appear on a line satisfying the equation tan
on a complex energy plane, which is called 2θ line. In summary, when the complex-scaled Hamiltonian matrix is diagonalized with Gaussian basis functions, poles of resonant and bound states are stably obtained against variation of the scaling angle θ, whereas energies of continuum states are obtained along 2θ line. As a result, resonance poles can be identified among many complex eigenvalues ofĤ θ . Here, we make a remark on physical quantities for resonant states. The quantities such as inter-particle distances and a norm of each channel in a coupled-channel system can represent the property of the system. In CSM, we calculate the complex-scaled matrix elements as Φ θ R |Ô θ |Φ θ R using the resonance wave function Φ θ R with the complex-scaled operatorÔ θ , in whichΦ θ R represents the bi-orthogonal state of Φ θ R [25] . (The operatorÔ corresponds to a physical quantity.) For resonant states, these matrix elements are also independent of the scaling angle θ, because physical quantities should be independent of the parameter θ [31] . In general, the quantities associated with resonances are obtained as complex values. Although the interpretation of their imaginary part is still an open problem, it is considered that the real part can represent the physical meaning as usual bound states when the magnitude of imaginary part is small [32, 33] . In this article, the CSM is applied to a coupledchannel system of the "K − pp", and its resonance poles are obtained under the correct boundary condition.
In our previous study [34] , we proposed chiral SU(3)-based potentials with a local Gaussian form factor in coordinate space. OurKN (-πY ) potential is constructed from the Weinberg-Tomozawa term in the effective chiral Lagrangian, in a manner similar to coupled-channel chiral dynamics [23] or the chiral unitary model [24] . In this article, the simplest version of our potentials is used, which is referred to as the NRv2c potential (see Eq. (8) in Ref. [34] ). The basic structure of this potential is
where α and β indicate theKN , πΣ, and πΛ channels; C I αβ are Clebsh-Gordan coefficients in SU(3) algebra; and g I αβ (r) is a normalized Gaussian function. The meson energy in the channel α (β), ω α (ω β ), is evaluated with the meson-baryon energy √ s MB , which is denoted as the M B energy. It is noted that the meson energy term is attributed to the chiral dynamics. The pion decay constant f π is treated as a parameter in the present study, because our potential employs only the Weinberg-Tomozawa term in the effective chiral Lagrangian. It is varied from 90 MeV to 120 MeV so as to cover the experimental values of pion and kaon decay constants. For each f π value, range parameters of Gaussian functions g I αβ (r) are tuned to reproduce theKN scattering length. In our previous study, the potentials, including the NRv2c potential, were determined from theKN scattering length, which was obtained by Martin's analysis of old data [35] . Recently, a new value of theKN scattering length was obtained by analyzing the latest experimental result of the precise measurement of the kaonic hydrogen atom [36] with the chiral coupled-channel dynamics [37] . Using the new value of theKN scattering length, we have constructed a new version of our potential, which is referred to as the NRv2-S potential. In this article, both the NRv2c and NRv2-S potentials are examined.
As shown in Eq. (2), the chiral SU(3)-based potential has an energy dependence since it explicitly includes the meson energy. To treat such an energy-dependent potential in the calculation of the "K − pp" resonance, self-consistency for the energy needs to be considered. In this article, we follow a method to treat the selfconsistency that was proposed in a previous study with a variational calculation [7] . The meson-baryon energy is a key quantity since it controls the energy dependence of the potential. However, the meson-baryon energy in the three-body system can not be uniquely determined in principle, because energies of partial systems are not an eigen energy of the total Hamiltonian. In the previous study of theKN N single-channel calculation [7] , this problem was overcome as follows. First, the antikaon's binding energy B K is calculated as a difference between the expectation values of the totalKN N Hamiltonian and the N N Hamiltonian. Using this B K , the M B energy (=KN energy) is calculated in two kinds of the extreme pictures. In one picture, called field picture, antikaon is considered as a field and this field causes 100% of antikaon's binding energy. Since such an antikaon field interacts with an nucleon, the M B energy is evaluated as
Here, M N and m K are the mass of the nucleon and antikaon, respectively. In the other picture, called particle picture, antikaon is considered as a particle and it is bound by each of two nucleons equally. Since the antikaon's energy per a singleKN bond should be B K /2, the M B energy is evaluated as
In the particle picture, 50% of antikaon's binding energy is used in the meson-baryon energy. In the current study, these prescriptions are generalized straightforwardly for theKN N -πY N coupledchannel calculation as follows. At first the operator of the meson's binding energy,B M , is defined aŝ
by considering the difference between the total threebody HamiltonianĤ MB1B2 and its baryon-part HamiltonianĤ B1B2 . We remark that the HamiltonianĤ MB1B2 contains the mass term of all particles as mentioned before, whereas the baryon-part HamiltonianĤ B1B2 contains that of baryons,M B1 +M B2 . Therefore, the meson mass operatorm M is involved in the above equation. Using this operator and the total wave function Φ "K − pp" which is given in Eq. (1), the energy of a partial mesonbaryon system in theKN N -πY N system is evaluated in two different ways as proposed in the previous study.
In the first case, called the field picture ansatz, the M B energy is calculated as
where the operatorM B represents a baryon mass. In the other case, called the particle picture ansatz, the term B M in Eq. (4) is replaced withB M /2. Thus, the prescription used in the single-channel calculation is generalized to the coupled-channel case by considering the averaged binding energy of mesons B M together with the averaged threshold M B +m M . In the current prescription, all quantities are averaged with the amplitudes of the coupled-channel wave function. We carry out a self-consistent calculation in terms of this M B energy: Once the M B energy is assumed ( √ s MB, In ), thē KN (-πY ) potential is determined. With the Hamiltonian including this potential, full ccCSM calculation is carried out to find a resonance pole of "K − pp". According to the above-mentioned prescription, the M B energy is evaluated by using the obtained resonance wave function ( √ s MB, Out ). Accomplishment of self-consistency is judged by comparison of these assumed and evaluated M B energies. In other words, when the condition √ s MB, In = √ s MB, Out is satisfied, a self-consistent solution is found to be obtained. It is remarked that the M B energy is a complex value for resonant states. Self-consistent solutions are searched for in terms of the complex-valued √ s MB as conducted in our previous study [10] .
Result and discussion. The setup of the full ccCSM calculation is as follows. The spatial wave function is expanded with 20 Gaussian basis functions, whose width parameters range from 0.1 fm to 20 fm, for each relative coordinate in all sets of Jacobi coordinates. Thus, the total dimension of the complex-scaled Hamiltonian matrix, which is diagonalized to obtain resonance poles, is 6400. The scaling angle θ in the present ccCSM calculation is set to 22
• . At this angle, it is found that physical quantities like composition of the "K − pp" and mean distance between particles as well as its resonance energy are most stably obtained against the θ variation. In this article, all energies and lengths are given in units of MeV and fm, respectively.
As shown in Fig. 1 , the eigenvalues of the complexscaled Hamiltonian are distributed on the complex energy plane where the self-consistent solution of "K − pp" is obtained. The distribution of the complex eigenvalues is similar to that obtained in our previous study with a phenomenological potential [13] . Eigenvalues along three lines starting from πΛN , πΣN , andKN N thresholds represent three-body continuum states of πΛN , πΣN , andKN N , respectively (continuum states are known to appear along the 2θ line as explained in the previous section). In addition, the two-body continuum states of Λ * N appear along another line. The eigenvalue other than those along these 2θ lines corresponds to the pole of the "K − pp" three-body resonance. The binding energy of "K − pp" (B K − pp ) and half of the mesonic decay width (Γ πY N /2) are found to be 23.4 MeV and 9.5 MeV, respectively, when the NRv2c potential (f π = 110 MeV) and the field-picture ansatz are employed. When the other ansatz, the particle picture, is employed, B respectively.
In the present calculations, both the NRv2c and NRv2-S potentials with various f π values are used under the two ansatzes of field and particle pictures. As summarized in Fig. 2 , the binding energy and half of the mesonic decay width are obtained as
with the NRv2c potential and (6) with the NRv2-S potential. In both ansatzes, a selfconsistent solution is successfully obtained within the range of f π values. As shown in the figure, a larger binding energy and broader width are obtained for the potentials with a smaller f π value. In the results obtained with the field picture, it is found that a linear correlation exists between the binding energy and decay width. Compared with the field picture, the particle picture gives a larger binding energy.
By comparing these results, "K − pp" is more shallowly bound with the NRv2-S potential than with the NRv2c potential. The binding energy is found to be at most 60 MeV in the case of the NRv2c potential and 50 MeV in the case of the NRv2-S potential. It is emphasized that the latter potential is constrained by the latest value of theKN scattering length, as stated in the previous section. The decay width is found to be almost the same between these two potentials. Similarly to previous studies [7, 10] , the decay width in the field picture is approximately half of that in the particle picture, if they are compared at the same f π value. We comment on the ansatz for the treatment of energydependent potentials. According to our previous study, in which the energy dependence attributed to the elimination of the channels except forKN N was investigated, the field picture was found to provide a more reasonable solution than the particle picture [13] . If we focus on the results obtained with the field picture, the binding energy is restricted to be rather small: ( The properties of "K − pp" can be investigated using the full ccCSM wave function. As a typical example, we show the f π = 110 MeV case for both potentials. In the case of the NRv2c potential, the mean distance between two nucleons is obtained as 2.10 − 0.06i fm (1.81 + 0.09i fm) with the field (particle) picture. The NRv2-S potential gives a similar value of 2.14 − 0.16i fm (1.80 − 0.06i fm) with the field (particle) picture. In both potentials, since "K − pp" is obtained as a more shallowly bound state with the field picture than with the particle picture, the N N distance with the former ansatz is larger than that with the latter ansatz. It is noted that the mean N N distance is 2.2 fm in nuclear matter with normal density (ρ 0 = 0.16 fm −3 ). Therefore, when the field picture is employed, the mean N N distance of "K − pp" is almost the same as that of the normal nuclear matter, as reported in previous studies using chiral SU(3)-based KN potentials [7, 9, 10] . Table I lists the results obtained with the NRv2c potential with the field picture as a typical case. As indicated in the table, theKN distance in the isospin I = 0 channel is smaller than that in the isospin I = 1 channel, and it is close to that of the I = 0KN -πΣ resonance (Λ * ). The norm of each component indicates that, in "K − pp", theKN N component is dominantly contained, the πΣN component is significantly mixed, and the πΛN component is very minor. Such a composition is similar to the case of using a phenomenological potential [13] .
As a reference, we show the results switching off the energy dependence of the chiral SU(3) potential. When the meson-baryon energy in the potential is artificially fixed to beKN -threshold energy ( Summary and future prospects. We have investigated the most essential kaonic nucleus, "K − pp", with a fully coupled-channel complex scaling method [13] that correctly treats the resonance and coupled-channel aspects, which are important factors for this system. To investigate "K − pp" along with QCD as possible, we employed a chiral SU(3)-basedKN (-πY ) potential. For the treatment of the energy dependence of the chiral SU(3)-based potential, we proposed a simple prescription for the coupled-channel calculation, extending the earlier prescription for single-channel calculations [7, 9, 10] . We introduce the averaged threshold and the averaged binding energy of mesons to estimate the meson-baryon energy in "K − pp". Using these averaged quantities, we performed the self-consistent calculation in the same manner as in previous studies. With the extended prescription, we have succeeded in obtaining self-consistent solutions of "K − pp" resonance with the full ccCSM calculation. As a result, it is found that the binding energy of "K − pp" does not exceed 60 MeV when our chiral SU(3)-based potential is constrained with the old value of thē KN scattering length. When the potential is constrained with the new value of theKN scattering length, which is obtained from the latest experiment of the kaonic hydrogen atom [36] , the binding energy is 50 MeV at most. If we choose the field picture, which seems to be the bet-ter ansatz when considering the self-consistency for the meson-baryon energy, "K − pp" is found to be rather shallowly bound: the binding energy is 14 − 28 MeV and half of the mesonic decay width is 8 − 15 MeV. The structure of "K − pp" can be analyzed by using the ccCSM wave function. In such a shallowly bound "K − pp", the mean distance between two nucleons is found to be 2.2 fm, which is equal to that of normal nuclear matter. For the coupled-channel effect, theKN N component is dominant, the πΣN component is significantly mixed, and the πΛN component is quite minor. These properties are similar to the case in which a phenomenological potential is used [13] .
By combining our previous and present studies with the full ccCSM calculation, our conclusion on "K − pp" is as follows. If theKN potential is as strongly attractive as an energy-independent phenomenological potential [2] , "K − pp" is rather deeply bound with a binding energy of about 50 MeV. Owing to the strongKN attraction, two nucleons approach each other against the repulsive core of the N N potential. The mean N N distance is shorter than that of normal nuclear matter [13] . On the other hand, if theKN potential is as weakly attractive as an energy-dependent chiral SU(3)-based potential, "K − pp" is shallowly bound with a binding energy less than 50 MeV. Two nucleons keep the same distance as in normal nuclear matter since theKN attraction is not so strong.
As mentioned in the introduction, the J-PARC E15 group has found a signal indicating the K − pp bound state in their second run, and they are analyzing the acquired data in detail. Their result obtained from highstatistics data, together with our theoretical result, is expected to provide a clear understanding of K − pp. In our study, there still remain future tasks to be considered: 1) In the current study, only the Weinberg-Tomozawa term in the effective chiral Lagrangian was employed, which is an s-wave interaction. We may need to include NLO interactions and so on. 2) Concerning the decay width, the two-nucleon absorption of the antikaon (KN N → Y N ) is known to have a sizable contribution [38] , which is not included in the present study. It will be interesting to estimate this contribution in future work. 3) For the comparison of theoretical results with the experimental results, it is better to use the reaction spectrum than the pole position when the resonance involves a large decay width. In fact, such a study has been conducted with some approximations [39] . Within the complex scaling method, the reaction spectrum can be calculated with the complex-scaled Green's function utilizing the complexscaled eigenstates [28] . Using this technique, we will study the reaction spectrum of the K − pp production. Considering these future tasks, we believe that a definitive conclusion will be reached for the longstanding issue of the essential kaonic nucleus, K − pp.
